Abstract: Currently, hydropower accounts for close to 16% of the world's total power supply and is the world's most dominant (86%) source of renewable electrical energy. The key resource for hydropower generation is runoff, which is dependent on precipitation. The future global climate is uncertain and thus poses some risk for the hydropower generation sector. The crucial question and challenge then is what will be the impact of climate change on global hydropower generation and what are the resulting regional variations in hydropower generation potential? This paper is a study that aims to evaluate the changes in global hydropower generation resulting from predicted changes in climate. The study uses an ensemble of simulations of regional patterns of changes in runoff, computed from global circulation models (GCM) simulations with 12 different models. Based on these runoff changes, hydropower generation is estimated by relating the runoff changes to hydropower generation potential through geographical information system (GIS), based on 2005 hydropower generation. Hydropower data obtained from EIA (energy generation), national sites, FAO (water resources) and UNEP were used in the analysis. The countries/states were used as computational units to reduce the complexities of the analysis. The results indicate that there are large variations of changes (increases/decreases) in hydropower generation across regions and even within regions. Globally, hydropower generation is predicted to change very little by the year 2050 for the hydropower system in operation today. This change amounts to an increase of less than 1% of the current (2005) generation level although it is necessary to carry out basin level detailed assessment for local impacts which may differ from the country based values. There are many regions where runoff and hydropower generation will increase due to increasing precipitation, but Energies 2012, 5 306 also many regions where there will be a decrease. Based on this evaluation, it has been concluded that even if individual countries and regions may experience significant impacts, climate change will not lead to significant changes in the global hydropower generation, at least for the existing hydropower system.
of changes in runoff are supported by the recently demonstrated climate models. The global pattern of observed annual stream flow trends is unlikely to have arisen from unforced variability and is consistent with modeled response to climate forcing [6] .
The IPCC in its AR4 concluded that climate change is occurring faster than earlier reported [7] [8] [9] . Many future climate scenarios point to the fact that the climate is changing rapidly although there are many arguments over the causes of these changes. Climate change will result in changes in various river flow conditions such as timing and quantity, sediment load, temperature, biological/ecosystem changes, and fish responses [10] . Climate change and the resulting changes in precipitation and temperature regimes will affect hydropower generation. It is reported that hydropower systems with less storage capacities are more vulnerable to climate change, as storage capacity provides more flexibility in operations. Although hydropower systems may benefit from more storage and generation capacity, expansion of such capacities may not be economically and environmentally justified. These changes would affect hydropower generation in all regions of the world. Given the significant role of hydropower, the assessment of possible impacts of climate changes on regional discharge regimes and hydropower generation is of interest and importance for management of water resources in power generation. Global hydropower generation capacity has been increasing steadily over the last 30 years, and the past few years have shown an increased growth rate. Figure 1 shows the ratio of hydropower to the total electricity generation from year 1980 to year 2008. Although the ratio is reducing from 0.20 to 0.16, the Figure shows that hydropower generation is also increasing and is projected to continue increasing till year 2050. The global hydropower capacities and the contributions from various continents/regions of the world from 1980 to 2008 are presented in Figure 2 . Europe, America, and Asia have sizable share of hydropower capacities. The installed capacity for Europe and Northern America, though large, has not been increasing much during this period while that in Southern/Central America and Asia/Oceania has greatly increased during this period as seen in Figure 2 . However, the continental potentials are different, large in other regions like Africa. Table 1 shows regional hydropower characteristics in terms of hydropower in operation, total potential, under-construction, planned and countries with more than 50% of their total electricity demand supplied by hydropower. This study provides an overview of present (existing) global hydropower generation and its future prospects with respect to climate change. The focus of this work is global (all countries) i.e., low resolution (less detail), although for clarity's sake, some large countries like Australia, Brazil, Canada, China, India and USA had to be subdivided into provinces or states. Assessment of climate change impacts on hydropower can be done at various levels of detail with different methods. On a global scale, low resolution analysis is acceptable as detailed modeling may be costly and tedious. While recognizing the fact that climate change impacts hydropower in different ways-volume of flow, timings of flow, etc., the analysis has been confined to changes in mean flows (volume of flow). In addition, there is no estimate of the future hydropower development as doing so would require more detailed data (national development plans or trends) for each state and country. The study aims to answer questions related to national, regional and global hydropower generation and the expected increases or decreases in the same due to future changes in climate and water availability, and the extent of such changes. In order to answer the above, GIS analysis has been utilized to understand and visualize regional scenarios of hydropower generation. The analysis makes no attempt to analyze the impact of climate change on electricity demand, as it focuses on the side of generation. The GIS has been used here as a tool to merge and analyze different databases in order to gain insights into the anticipated changes. The database included data on world countries hydropower capacities, generation, global water resources, global runoff, dams, hydropower plants, etc. Table 2 shows regional hydropower statistics and of special interest is the installed capacity and hydropower generation in 2009. The table highlights the technically feasible, annual average potential, and feasible increase. The capacity factor of a power plant is the ratio of the actual output of a power plant over a period of time and its output if it had operated at full nameplate capacity the entire time. The lowest capacity factor is in Europe and clearly shows that hydropower in Europe is used mainly for peaking purposes than in the other regions [3] . There are many methods of assessing climate change impacts on hydropower generation systems. The use of a method depends on many factors such as the level of detail required, the geographical coverage, hydropower system description, and observation data availability. For example, the level of detail required for a global assessment differ from that needed for basin level assessments. Many studies have carried out assessment of hydropower generation in different parts of the world in various ways. Usually basin level assessment involves downscaling from GCMs through detailed hydrologic modeling and hydropower simulations, while on a regional level assessment, details begin to reduce. The methods can be seen as stepped analyses, where as the modeling begins to be complex, the detail and data requirements also do, beginning at the global scale down to small basin scale. Medellin-Azuara et al. [11] used downscaled hydrologic data in customized modeling scheme to assess the adaptability and adaptations of entire California's water supply system to dry climate warming. Madani and Lund [12] used an energy-based hydropower optimization model, avoiding the conventional modeling (simulation/optimization) methods, due to the large number of hydropower plants in California. The model used was developed for low-resolution, system-wide hydropower studies [12] . In a rather more detailed study of the Danube basin, development of hydropower was modeled using a special, coupled-physically-based hydrological model for three hydropower plants [13] . Another study on changes to whitewater recreation in California's Sierra Nevada used only elevation and runs as the predictors in identification, mapping and geomorphic classification to anticipate changes in runoff volume and timing from climate warming [14] .
In a non-conventional approach, a method of modeling high elevation hydropower systems was developed and applied in California [15] . The method is energy-based and optimization was carried out on energy generation data on a monthly time scale and seasonal energy storage capacities. However there are some limitations as pointed out [15] . The method is a simplified approach where detailed hydropower data is unavailable. It is a simple approach for developing a good representation of an extensive hydropower system with little time or resources for policy and adaptation studies. Based on the results of some applications, the method is said to be skillful and useful for studying large hydropower systems when there is less details required. The developed method can be used for studying the effects of climate change on a large hydropower system [15] . In the above method, a large hydropower system (national or regional, large basin) can be modeled. However at the global scale, a more simplified approach is necessary not only to reduce on the complexities but due to lack of data for such a thorough detailed approach.
The approach used in this analysis aggregates different types of hydropower systems from different climates to highlight the larger global picture. The approach is based on the fact that the current hydropower generation system may only be limited by water availability. The main assumption is that if water supply reduces, the hydropower systems will likewise reduce generation and vice versa, assuming that current systems can be upgraded. With this approach, changes in annual mean flows are the main predictors of hydropower generation in each unit.
Methodology
The runoff baseline data is taken from the IPCC AR4 (2007), which is based on data supplied by Milly et al. [6] . An ensemble of 12 climate models was used with qualitative and statistically significant skill to simulate observed regional patterns of twentieth-century multi-decadal changes in streamflow. The realism of hydroclimatic simulations varies across models, so an ensemble from a subset of the models with the selection based on performance was used. The GCMs were ranked with respect to root-mean-square (r.m.s.) error (over the 165 basins and all runs) of the logarithm of long-term mean discharge per unit area; the logarithmic transform is commonly used in hydrology because flows can range over several orders of magnitude. A total of 12 GCMs were retained (35 runs of 20C3M) with the lowest error for use in the ensemble analyses [6] . Changes are expressed in terms of percentage variation from current runoff figures. The runoff changes are assessed at a national scale. On average, runoff can be thought of as the difference between the precipitation and evaporation over long periods of time and this makes it the available water for use, be it for hydropower, irrigation, domestic consumption, etc. In order to assess the future water availability, 12 GCMs with 20th century GRDC data [6] and future (A1B scenario) were used to evaluate the global trends of runoff. A total of 165 global basins with more than 28 years of data (greater 10% missing data) were used in regression analyses to predict the future resource availability. The model ensemble was in agreement in most regions, but there were some instances where the model ensembles did not produce similar trends and these were excluded from the analysis [6] . The agreement criteria were based on 60% of the GCM agreeing on the trends of future runoff. In the countries where the GCM predictions did not agree, i.e., less than 66%, GCM having the same sign of increase or decrease were left out. The 12 GCMs results were tabulated and based on the above; a single value (median) was assigned to each country or state. The important measure of agreement was the trend, either positive or negative. The median was chosen as representing the mid-trend line of the GCMs for the particular unit, and so is not affected by the outliers. The mean was thus avoided, and the median was used in this analysis [6] .
These estimated changes in runoff are the bases for country values (GCM estimates) and used as predictors in projecting hydropower generation for each country or state. The process data indicated that large changes in water resources can be expected in the coming decades due to climate changes across the globe. However, from this analysis, it is not possible to show the changes in seasons or in the timing of the water resources, which in some regions may be more pronounced. The changes are not weighted or did not have any spatial detail to represent the spatial variability in runoff areas within each country or state, and as such the results are generalized. The climate models do not simulate the high spatial resolution/detail in terms of projected climate change variables because of their large grid sizes. The runoff changes provided in this study are meant to provide a broad indication of the likely country based median changes.
Using GIS, the hydropower generation by countries were mapped into a GIS database system where different tables were merged for analysis. A GIS database management expedites the analysis on various tables that make up the database. The analysis was carried out on a national basis although some countries were subdivided into states due to their size; i.e., United States, Canada, Brazil, China, India and Australia. The countries or sub-regions were taken as units on which further analysis was based. The computed runoff changes is also mapped on a different layer. Computed future (2050) changes in runoff are based on results from 12 GCMs [6] . The GCMs differ in their future projections but a single value was sought by analyzing whether the general changes were positive or negative from most models. In all countries or states where the GCM agreed, in terms of trends, a median of the forecast of the GCMs was computed and the median value was then applied to annual hydropower generation for each of these units. The changes are then mapped to produce the future (year 2050) generation based on the current generation levels. Based on the above data, the analysis was carried out to convert changes in water resource availability to changes in hydropower generation. The runoff was assumed to be the main determinant of or limitation to hydropower generation. Results are given in the next section. The computational details are illustrated by a more detailed table for Africa (Table A1 where the database and computations can be seen for individual countries. The same level of detail has been applied for all other countries and sub-regions. The methodology is based on the fact that hydropower generation (N) is a function of flow (Q, in m 3 s −1 ), head (H, in m) and efficiencies. The most varying factor is the flow (Q), referred to as water resources for every unit.
The procedure uses the flow (Q) for the water resources for each country and assumes that the changes in water resources for that unit will impact the hydropower produced in the future. It is further assumed that most of the new hydropower developments will take place in the same regions where the existing systems are located. The results are expressed in percentage change relative to the generation of the existing system. This same percentage change is likely to occur even when the generating capacity is increased. Figure 4 shows data on hydropower generation; the sizes are proportional to the hydropower production for that country or state in year 2005. Data sources UNEP, EIA
Data
Data were obtained from various sources and transformed where necessary into GIS layers. Most of the data of hydropower and energy were obtained from Energy Information Administration (EIA) of US, which is the official energy statistics of the US government freely available from their website [16] (Department of Energy 2009). Other national-level energy data were obtained directly from national websites and integrated into one database. GIS-related data like political boundaries and maps were obtained from UNEP geodata portal [17] (UNEP/DEWA/GRID-Europe, 2006), the data on dams from International Commission on large dams (ICOLD), national-level water resources data from Food and Agriculture Organization (Water Development and Management Unit, FAO) [18] . Data for trends and projections are based on a global runoff analysis by Milly (2005) . Milly et al. showed global pattern of trends in stream flow and water availability in a changing climate. The study highlighted the variations in changes in runoff over the entire globe from region to region [5] . The following GCMs in Table 3 were used in the analysis. Runoff increases are predicted for the mainly northern regions of America, Canada, Europe and Russia as well as parts of India and Bangladesh, East Africa and a few countries in Southern America. The rest have reductions while for much of Central and West Africa, forecast cannot be made with certainty. Table 4 shows the regions of the world and the countries grouped according to UNEP (2009). Note that some countries are unconventionally placed in regions, for example Russia and Turkey are grouped along with other Asia countries and not Europe. This changes the regional statistics i.e., adding the generation from Russia and Turkey to the already high hydropower production in Asia. 
Results and Discussion
The results from the analysis are shown in Figure 5 . The size of the dots indicates the installed capacity while the colour (red for reduction ad blue for increase) indicate the changes for each country/state where GCM prediction on runoff data were consistent and reliable (in agreement). Most of the highlights are in line with many site-specific studies on hydropower and climate in most of the regions of the world. The regions of Europe, US and Canada all have projections similar to results obtained in the studies [19] [20] [21] [22] [23] [24] [25] [26] . Table 5 shows that 2931 TWh of hydro-electricity were produced in year 2005. From the analysis, based on 2005 global hydropower generation, it can be said that by year 2050, the hydropower generation would be affected differently in various regions of the world. There are regions where hydropower generation will increase and there are also regions where hydropower generation will decrease.
In Africa, there are some countries with increasing hydropower generation and others with decreasing hydropower generation, as illustrated in the appendix. The Eastern African region shows increases in almost all countries except Ethiopia where there were disagreements among the GCMs. The Southern and Northern regions show decreases in hydropower generation. The Western region remains nearly the same but there are some countries with increases while others have decreases, and again here in most countries there were disagreements among GCMs on future runoff. For Asia, positive trends owing to climate change have been projected for most countries. An exception is the Middle East (here grouped under Asia) which has decreasing trends. This continent shows the largest increases vis-a-vis the others. In fact, all the parts of this continent show increases apart from western part, which does not produce a lot of hydropower.
The Americas have a continental net increase with major producers having increases (south and north) and only central America having a reduced generation in the future. The northern part of America shows (mostly) increases and this changes southward with the central region of America showing decreases. Changes in the America nearly cancel out as decreases in some parts are offset by increases in others.
Southern, Eastern and Western Europe have reductions while the Northern part shows increased generation, and with increased generation in high-producing regions, the regional net growth is positive. The large producers are in the Northern region, and as such, the continental changes show net increases in hydropower generation.
Most of Australasia has reduced generation while Oceania shows an increase. There are disagreements among the GCMs on future projections over Australia. There are only a few states where there are agreements. This makes it difficult to make a good picture of future hydropower generation of this region.
From the results, it can be seen that most of the high hydropower-producing countries in the north (Canada, US and parts of Europe and Russia) will have increased generation, while for most of the south, whether big or small, hydropower generation will decrease.
It should be stated here that the analysis was carried out on a national basis (states for the largest countries), while this papers summarizes the results at a regional level. There are many differences within each region. Even when the overall region may register an increase, it is likely that some countries within the region may experience reductions. Table 5 has been appended to show intra-regional variations for one continent, Africa. Africa has been chosen to highlight these internal differences in changes due to its high hydropower potentials (undeveloped) and its having the greatest variations and the highest necessity for development in the future due to increasing population.
The global change in future hydropower generation due to climate change shows a slight increase over the current global hydropower generation (0.46 TWh). This could be improved by bringing on-stream fresh capacity either already under construction or on the anvil.
Limitations
The overall objective of this study was to present a global picture of impacts of climate change on hydropower generation. In order to do this efficiently, a lot of simplifications were made. These included ignoring the impacts such as changes in timing of flow, changes in sediment transport, etc. These are important factors in hydropower operation, but were not included in this analysis. In addition there were no adaption and/or mitigation on operations included in the analysis, and as such, no storage analysis or non-storage analysis was performed.
The changes are computed on the current hydropower generation and no future hydropower development has been included, firstly due to the fact that these data are difficult to obtain for each country or state for the whole world, and secondly because the analysis would become more complex, requiring more resources.
Another simplification is that changes are computed at country level (except for very large countries). The study recognizes that climate change impacts can vary spatially and sometimes over short distances, but again, the simplification that for each country, an average change is assumed may seem acceptable. The objective was to show the bigger global picture and the direction of change on the global scale.
The amount of electricity produced by a hydropower system depends on: (1) the discharge/flow (amount of water passing through the turbine per unit time); (2) the site head (the height of the water source); and (3) the turbine generating capacity and efficiency. In order to evaluate the impacts of climate change on hydropower globally, only the mean discharge/flow has been used as a factor to hydropower generation, which is also a simplification.
The above simplification would lead to some differences when the results presented in this study are compared to a more local detailed analysis of climate change impact on one or two hydropower system, where more plant data, time series data and detailed down-scaling is carried out. However a few comparisons made so far showed that the results were not very different (within ranges).
There are many factors that could be used to mitigate impacts on climate change on hydropower especially in operations. These have not been dealt with in this current study. Such factors include the storage capacity, pumped storage system, operation rule curve changes, etc. These were considered to be outside the scope of this study.
The primary function of a hydropower system is to generate power. However in many countries, the hydropower systems play important roles as general purpose water handling facilities. The multipurpose use of water and demand is important as the impacts of climate threaten the agreements that exist between many users of water. In areas projected with decrease, as the water resources decrease, competition and re-examinations of agreements may result. This ultimately would result in changes in the hydropower generation.
This study has not examined the impact of increased frequency of droughts and floods, as forecast in many places with climate change. If droughts and floods become more frequent, this scenario would severely impacts hydropower production. These extreme events would reduce the reliability of hydropower system to produce power. In regions where mean annual flow does not change, it is still possible that hydropower production would be severely affected if the droughts become more frequent. The impacts of changes in extreme events should be examined carefully on a local scale.
Conclusions
Hydropower generation is mainly influenced by runoff although there are other limiting factors. Changes in runoff will therefore lead to changes in hydropower generation. In its most accurate form, hydropower-plant based analysis for individual stations gives a better picture of future generation. However, when one is considering the global level, scale becomes an important issue.
The overall impacts on the global technical potential is expected to be slightly positive. However, results also indicate the possibility of substantial variations across regions and even within countries. Globally, hydropower generation computations show a very slight increase around year 2050 of about 0.46 TWh per annum. However, different countries and regions of the world will have significant changes; some with positive and others with negative changes. This study therefore provides general estimates of regional and global perspectives of the probable future hydropower generation scenarios.
Climate change is a challenge for the entire hydropower sector; the challenge is to come up with mitigation measures for hydropower operations and designs against these effects. Some regions have minimal infrastructure to act as a buffer the impacts of change.
The hydropower sector is one of the sectors least adversely affected on a global scale. Although the various regions will have varying changes, at the global level, there could be a slight gain in total global hydropower generation. It is worth mentioning here that after factoring in the uncertainty through the whole analysis process, it can be said that hydropower generation will remain nearly the same for some time into the future-till year 2050.
Investment (construction of new plants) in the hydropower sector could help reduce the gap (deficit) that may be created by effects of climate change on power generation in areas where there is still untapped potential. In other areas where the potential is nearly exhausted, better technology (e.g., high efficiencies) on existing systems would help mitigate the impacts or boost the contribution of hydropower to global electricity generation.
